Background The annually recorded incidence of primary hepatic carcinomas has significantly increased over the past two decades accounting for over 800 thousand of annual deaths caused by hepatocellular carcinoma (HCC) alone globally. Further, secondary liver malignancies are much more widespread compared to primary hepatic carcinomas: almost all solid malignancies are able to metastasise into the liver. The primary tumours most frequently metastasising to the liver are breast followed by colorectal carcinomas. Given the increased incidence of both primary and metastatic liver cancers, a new, revised approach is needed to advance medical care based on predictive diagnostics, innovative screening programmes, targeted preventive measures, and patient stratification for treatment algorithms tailored to individualised patient profile. Advantages of the approach taken The current pilot study took advantage of systemic alterations characteristic for liver malignancies, utilising liquid biopsy (blood samples) and specific biomarker patterns detected. Key molecular pathways relevant for pathomechanisms of liver cancers have been considered opening a perspective for both-individualised diagnostics and targeted treatment. Systemic alterations have been analysed prior to the therapy application avoiding molecular biological effects potentially diminishing predictive power of the biomarker-panel proposed. Multi-omics at DNA and protein (both expression and activity) levels has been applied. An established biomarker panel is considered as a powerful tool for individualised patient profiling and improved multi-level diagnostics-both predictive and prognostic ones. Results and conclusions Biomarker panels have been created for the patient stratification, prediction of a more optimal therapy and prognosis of survival based on the individualised patient profiling. Although there are some limitations of the pilot study performed, the results are encouraging, as it may be possible, through further research along these lines, to find a clinically and cost-effective means of stratifying liver cancer patients for personalised care and therapy. The benefits to the patient and society of accurate treatment stratification cannot be overemphasised.
Introduction
Heterogeneous population of liver malignancies: epidemiological concerns and operational basis for the paradigm shift in the disease management Worldwide, primary liver cancer is the sixth most common cancer, with a majority of the cases occurring in developing countries. As compared with other common cancers, such as breast, colorectal, lung, and stomach cancers, the incidence is increasing [1] . The annually recorded incidence of primary hepatic carcinomas has significantly increased over the past two decades accounting for over 800 thousand of annual deaths caused by hepatocellular carcinoma (HCC) alone globally [2] . Specifically modifiable risk factors have been demonstrated to be the major contributors to the development of HCC. In particular, widespread viral hepatic infections (hepatitis B and C) [3] and unhealthy lifestyle specifically linked to the abnormal alcohol consumption, physical inactivity and obesity, individually and/or synergistically, result in chronic inflammatory processes to the liver, fatty liver disease and cirrhosis [4] .
Secondary liver malignancies are much more widespread compared to primary hepatic carcinomas: almost all solid malignancies are able to metastasise into the liver [4] . The primary tumours most frequently metastasising to the liver are breast followed by colorectal carcinomas. Further, 27% of the patients with primary lung, colon, or rectum cancers are reported to develop liver metastases [5] .
As currently practiced, most healthcare systems are focused on Bdisease care^and the majority of patients with liver malignancies have advanced disease at the time of diagnosis. As a preferable alternative, it is amongst the goals of predictive, preventive and personalised medicine (PPPM) to provide comprehensive cost-effective care throughout all phases of disease starting with disease prediction before the clinical manifestation as well as providing detection at early stages and prognosis for individualised treatment algorithms. Finally, there is a great need for precise palliative care that is tailored to each patient to achieve satisfactory individual outcomes in a long-term manner.
There is currently a relative lack of reliable predictive and prognostic biomarkers for an advanced PPPM approach that hampers effective implementation of individualised patient profiles and patient stratification essential for tailoring treatment decisions [6] . Although there are tests based on biopsies such as immunohistochemistry for tumour characteristics and chemosensitivities, these tests are invasive, expensive and/or not widely available, applicable and/or affordable. Consequently, the applied approach is usually cost-ineffective, life quality of the affected patients is unsatisfactory and the life-expectance is particularly short.
There are relatively few projects dedicated to the development of specific biomarker-sets for the detection and/or evaluation of liver malignancies. A PubMed search specifically for Bpredictive biomarker panels^in Badvanced liver carcinoma and/or metastasis^and Bunresectable liver carcinoma/metastasis^re-vealed few articles for each item. This actuality provided motivation to use a minimally invasive approach utilising liquid biopsy in order to develop a powerful diagnostic tool for individualised patient profiling and patient stratification essential for tailoring treatment decisions.
Diversity of pathomechanisms and molecular landscape of liver malignancies relevant for predictive and prognostic approaches Liver malignancies comprise a wide spectrum of cancers ranging from the primary hepatocellular carcinomas (1) to highly heterogeneous group of metastatic diseases which, further, discriminate between metastases spread by the locally situated abdominal primary tumours (e.g. colorectal cancer) (2) and distanced primary tumours such as the breast cancer (3). Consequently, pathomechanisms which underlie individual groups (1-3) of liver malignancies differ dramatically from each other being still poorly understood.
Even more challenging is the detection of a pathology-and stage-specific molecular signature for identifying individual cancer subtypes that would allow the adjustment of optimal treatment modalities and prognosis of individual outcomes. The task requires a comprehensive biomedical approach, since previous studies have demonstrated that an Bideal biomarker^does not exist. Therefore, the most reliable approach requires multi-level diagnostics with application of biomarker panels reflecting pathology/stagespecific alterations at molecular and subcellular levels [7] .
Several affected pathways are usually considered for such a panel, to produce a highly sensitive and specific molecular Bportrait^. Contextually, patients with hepatic breast cancer metastases demonstrate highly specific profiles of matrix metalloproteinases MMP-2 and MMP-9 after SIRT treatment as compared to other primary and secondary liver tumours [8] . Certainly, tissue remodelling is an essential attribute of aggressive metastatic disease; therefore, metalloproteinases as the key enzymes are strong predictors and prognostic factors in disease monitoring. Further, MMP profiles demonstrated specifically in blood provide strong arguments in favour of systemic processes which underlie liver malignancies [8] . In fact, several groups have recently published research data supporting the relevance of molecular patterns in blood for monitoring the therapy efficacy with sufficient prognostic power for individual outcomes such as lymphocyte-tomonocyte ratio [9] , serum procalcitonin levels [10] , serum alpha-fetoprotein levels [11, 12] , interleukin-8 levels [13] , serum fibrinogen levels [14] and serum annexin A3 levels [15] .
Biomarker patterns non-invasively detected in blood samples may provide important insights into systemic pathomechanisms of liver malignancies. However, it is important to note that the majority of publications have correlated the overall survival with biomarkers measured after a therapeutic intervention that certainly may have a prognostic value estimating potential survival, however, in no way can be useful for choosing an optimal treatment modality. The focus of the current project is to identify biomarkers which will allow individualised patient profiling that is essential for tailoring treatments.
One of the decisive factors with strong predictive power for individual outcomes is the severity of underlying liver dysfunction that can be characterised as a dysfunction of detoxification pathways. The cause of the detoxification dysfunction differs amongst individual cases. However, the key players are well known, namely the superoxide-dismutase and catalase which are useful biomarkers estimating the systemic detoxification [16] [17] [18] [19] .
Particularly, under toxic conditions (deficient detoxification pathways), stress response is pivotal for estimating the efficacy of the DNA repair machinery and even for predicting the systemic capacity to regenerate after highly toxic therapy [20] [21] [22] .
Finally, for estimating metastatic potential of many types of tumours, S100 (calgranulin) has been per evidence successfully implemented in predictive biomarker panels [23] [24] [25] [26] [27] .
Working hypothesis
Based on the above provided evidence, the following hypotheses have been created: 
Materials and methods

Recruitment of patients with primary hepatocellular carcinoma and secondary hepatic metastases
This study was designed as a Bpilot study^for the identification of a multi-level biomarker screening panel for patients with primary and metastatic liver malignancies who would be undergoing SIRT or TACE. Therefore, a wide range of malignancies of different types were incorporated in the study. The blood tests for the screening panels were performed prior to SIRT or TACE. A total of 158 patients, treated either by SIRT (126) or TACE (32) , were considered for the study (Table 1) .
Inclusion criteria:
-Primary hepatocellular carcinoma -Hepatic metastases -Treatment by SIRT -Treatment by TACE Exclusion criteria:
-Pregnancy -Acute infections (but not chronic hepatitis) -Alcohol abuse Liquid biopsy: blood samples collection, biobanking and biopreservation Blood samples (20 ml) anti-coagulated with heparin were collected from the patients prior to any treatment application.
Biobanking: both peripheral leucocytes and blood serum were separated and stored for all follow-up analyses.
Peripheral leucocytes were isolated using FicollHistopaque gradients (Histopaque 1077, Sigma, USA) as described elsewhere [28] . Briefly, blood samples were diluted with equal volumes of physiological buffer solution (PBS, Biochrom AG, Germany). Then, 2 ml of histopaque were placed into 10 ml sterile centrifuge tubes and 5 ml of diluted blood samples were carefully layered onto each histopaque gradient. Gradients were centrifuged at 475 g and 20°C for 15 min. The leucocytes bands were removed from the interface between plasma and histopaque layers of each tube and collected into one 50 ml tube. The total volume was brought to 50 ml with cold Dulbecco's Modified Eagle Medium (DMEM, Gibco™, USA). The cell suspension was washed three times with PBS and the total number of cells was determined.
Blood serum (500 μl) was separated by centrifugation from each blood samples not later than within 1 h after individual blood draw.
Biopreservation: Blood serum was frozen and stored at − 80°C directly after each individual blood sample centrifugation. Separated peripheral leucocytes were finally re-suspended in PBS-DMSO solution, aliquoted into Eppendorf tubes and stored at − 80°C until molecular profiling has been performed. 
Multi-omic analysis
Protein expression analysis by Western blotting
All analyses were performed two times for each sample utilising the standardised procedure described elsewhere [29, 30] . Primary antibody incubation was performed at room temperature using a 1:200 dilution of the specific antibodies to -human calgranulin A, a goat polyclonal antibody (C-19) raised against a peptide mapping at the C-teminus of calgranulin A of human origin, sc-8112; Santa Cruz, USA -human catalase, a goat polyclonal antibody (S-20) raised against a peptide mapping an internal region of catalase of human origin, sc-34,282, Santa Cruz, USA) -human profilin-1, a goat polyclonal antibody (C- 15) raised against a peptide mapping at the C-terminus of profilin-1 of human origin, sc-30,522 Santa Cruz, USA -human RhoA, a mouse monoclonal antibody (26C4) raised against an epitope corresponding to amino acids 120-150 of RhoA of human origin, sc-418 Santa Cruz, USA -human superoxide-dismutase (SOD-2), a goat polyclonal antibody (N-20) raised against a peptide mapping near the N-teminus of SOD-2 of human origin, sc-18503; Santa Cruz, USA T h e p r o t e i n s p e c i f i c s i g n a l s w e r e m e a s u r e d densitometrically using the Quantity One ® imaging system (Bio-Rad, USA).
Analysis of metalloproteinase activity by zymography
For determination of gelatinase activity of MMP-2 and MMP-9 in blood serum BReady-Gelatin-Gels^(Bio-Rad, USA) were used according to the instructions of the manufacturer. Two microliters from individual serum samples were electrophoresed under non-reducing conditions using Criterion™ Precast Gel System (Bio-Rad, USA). After electrophoresis, each gel was incubated at room temperature in 2% Triton X-100 for 2 × 30 min in order to remove the traces of sodium dodecyl sulphate, and then incubated overnight at 37°C in buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.6, containing 5 mM CaCl 2 and 0.02% NaN 3 ). Afterwards, a staining with 0.5% Coomassie blue G-250 (Sigma, USA) was performed for each gel. The proteolytic activity of each gelatinase (A and B) was identified as a clear band on a blue background according to the correspondent molecular weight of each gelatinase (A and B that corresponds to the metallproteinase-2 and metallproteinase-9, respectively). Gels were dried between cellophane sheets with a GelAir™ Drying System (BioRad, USA) and then scanned with a yellow filter using Adobe Photoshop (Adobe System, USA) in grey-scale mode.
Densitometric analysis of zymographic lysis zones at 66 and 86 kDa for gelatinases A and B, respectively (Fig. 1) , was performed using Quantity One ® imaging system (Bio-Rad, USA).
Subcellular imaging: comet assay analysis of DNA fragmentation
In order to evaluate DNA quality (DNA damage)‚ the subcellular imaging by Comet Assay™ Trevigen, Inc., Cat. No. 4250-050-K, USA) analysis has been used. The single cell gel electrophoresis assay is based upon the ability of DNA fragments to migrate out of the peripheral leucocytes in the electric field applied, whereas undamaged chromosomal DNA does not migrate into the agarose gel. DNA fragmentation assessment has been performed by evaluation of the DNA Bcomet^tail shape and specific migration patterns. Peripheral leucocytes have been immobilised in a bed of low-melting point agarose, on a Trevigen CometSlide™. The alkaline electrophoresis is very sensitive and detects small amounts of damage. Therefore, after cell lysis, samples have been treated with alkali to denature the DNA and hydrolyse sites of damage. After electrophoretic separation, staining with a fluorescent DNA intercalating dye (SYBR® GreenI) has been performed. The shape of individual comets has been visualised by epifluorescence microscopy. The evaluation system developed by the authors and published earlier [31] has been applied for the qualification and quantification the DNA fragmentation/damage (Fig. 2) . 
Statistical analysis
Statistical analyses were carried out using the SPSS 22 software package (IBM, Armonk, NY). Spearman's rank-order correlation method was used for mutual correlations amongst biomarkers and clinicpathological characteristics. Survival time was estimated by Kaplan-Meier analyses and compared amongst stratified patient groups using log-rank test.
Multivariate analysis was performed utilising the Cox regression model to test independent significance while adjusting for covariates. Data were presented as hazard ratios (HR) and 95% confidence intervals (95%CI). Overall survival (OS) was defined as the time frame between the diagnosis and death recorded. Reported P values were two sided. P ≤ 0.05 was considered statistically significant.
Results
Structured by corresponding subtitles, the results of the statistical analysis are provided below for the patients stratified by the treatment approach and most promising multi-omic biomarker panel. The results of univariate and multivariate analyses of overall survival for all biomarker measured in the study are summarised in Tables 21 and 22 . The results of mutual correlations amongst all biomarkers are provided in Table 23 .
Overall survival of patients treated either with SIRT or TACE OS of patients treated with TACE was more than two times longer compared to the SIRT treatment. The difference is significant in both uni-and multivariate analyses as demonstrated in the Table 2 and Table 3 . Figure 3a shows results by the Kaplan-Meier analysis.
OS of patients treated with SIRT and stratified by MMP9 activities
No difference has been demonstrated in OS for the SIRTtreated patients demonstrating either low (categories 1 and 2) or middle and high (categories 3, 4 and 5) levels of MMP-9 activity in blood plasma measured prior to the treatment as summarised in Table 4 .
OS of patients treated with TACE and stratified by MMP9 activities
In contrast to the SIRT, there is an increase in OS of the TACE-treated patients with low (categories 1 and 2) level of MMP-9 activity in blood plasma measured prior to the treatment as summarised in Table 5 .
OS of patients treated with SIRT and stratified by MMP2 activities
OS is significantly increased for the SIRT-treated patients with low (categories 1 and 2) level of MMP-2 activity in blood plasma measured prior to the treatment as summarised in Table 6 . Moreover, this patient stratification resulted in a statistically significant difference also by multivariate analysis- Table 7 . Figure 3b shows results by the Kaplan-Meier analysis.
OS of patients treated with TACE and stratified by MMP2 activities
In contrast to the SIRT-treated patients stratified by MMP-2 activities (see above), OS is decreased (close to significant) for the TACE-treated patients with low (categories 1 and 2) level of MMP-2 activity in blood plasma measured prior to the treatment as summarised in Table 8 . Figure 3c shows results by the Kaplan-Meier analysis.
OS of patients stratified by the class I comets
By the class I comets, patients have been stratified into two groups demonstrating either low or high level compared to the median value. There is a statistically significant difference for an increased OS of patients with high level of the class I comets compared to the low level (Table 9) . Moreover, the multivariate analysis (Table 10 ) resulted in significant differences for both parameters-class I comets and the type of therapy applied. Figure 3d shows results by the KaplanMeier analysis.
OS of patients stratified by the class III comets
By the class III comets, patients have been stratified into two groups demonstrating either low or high level compared to the median value. There is a statistically significant difference for an increased OS of patients with low level of the class III comets compared to the high level (Table 11) . Moreover, the multivariate analysis (Table 12 ) resulted in significant differences for both parameters-class III comets and the type of therapy applied. Figure 3e shows results by the Kaplan-Meier analysis.
OS of patients stratified by the class IV comets
By the class IV comets, patients have been stratified into two groups demonstrating either low or high level compared to the median value. There is a statistically significant difference for an increased OS of patients with low level of the class IV comets compared to the high level (Table 13) . Moreover, the multivariate analysis (Table 14) resulted in significant differences for both parameters-class IV comets and the type of therapy applied. Figure 3f shows results by the Kaplan-Meier analysis.
OS of patients stratified by the expression level of SOD-2
By the expression level of SOD-2, patients have been stratified into two groups demonstrating either low or high level compared to the median value. There is a trend for an increased OS of patients with high level of the SOD-2 expression compared to the low level (Table 15) . Moreover, the multivariate analysis (Table 16 ) resulted in significant differences for both parameters-SOD-2 expression and the type of therapy applied. Figure 3g shows results by the Kaplan-Meier analysis.
OS of patients stratified by the expression level of catalase
By the expression level of catalase, patients have been stratified into two groups demonstrating either low or high level compared to the median value. There is a statistically significant difference for an increased OS of patients with high level of the catalase expression compared to the low level (Table 17) . Moreover, the multivariate analysis (Table 18) resulted in significant differences for both parameterscatalase expression and the type of therapy applied. Figure 3h shows results by the Kaplan-Meier analysis.
OS of patients stratified by the expression level of calgranulin A
By the expression level of calgranulin A, patients have been stratified into two groups demonstrating either low or high level compared to the median value. There is a statistically significant difference for an increased OS of patients with low level of calgranulin A expression compared to the high level (Table 19) . Moreover, the multivariate analysis (Table 20) resulted in significant differences for both parameterscalgranulin A expression and the type of therapy applied. Figure 3i shows results by the Kaplan-Meier analysis.
Summarising overview
OS of patients in relation to the individual biomarkers (Kaplan-Meier analysis with log-rank test), multivariate analysis of overall survival (OS) of patients in relation to all individual biomarkers measured in the study (Cox proportional hazards regression) and mutual correlations amongst the Discussion HCC, the most common primary liver malignancy, is characterised by a highly specific geographic distribution varying dramatically amongst world regions. Perhaps an extreme situation is observed in China, where HCC is the most common cancer type and the primary cause of the cancer-related mortality in males under 60 years of age. This is attributed to the widespread of hepatitis B in the country [32] . However, the HCC epidemic has already spread beyond the Eastern Asian predominance into the Western regions, making it especially remarkable in the USA and Western Europe [33] . In the USA, HCC is currently the fastest growing cause of cancer-related death [6] . Noteworthy, HCC related specifically to fatty liver diseases is increasingly prevalent in USA, Europe and other world regions [34] . The global burden of HCC is predicted to grow to 22 million over the next two decades [35] .
In addition, almost all solid malignancies have been demonstrated to be capable of metastasising to the liver. The primary tumours most frequently metastasising to the liver are breast cancer followed by colorectal carcinoma [4] . Consequently, specific challenges of secondary liver malignancies to a large extent deals with the breast cancer (BC) epidemic which is recognised as being characteristic for the early twenty-first century accounting for almost two million new cases and a half of million BC-related deaths annually [36] . To this end, new trends demonstrate a persistently increasing incidence of premenopausal breast cancer in young patients diagnosed with particularly aggressive metastatic disease to distant sites with a great prevalence of liver and/or brain metastasis and remarkably short life expectancy such as in the case of triple-negative BC with more than 50% of patients who died within the first 6 months of the metastatic BC diagnosis [37, 38] . A risky status quo has been emphasised, namely that currently applied screening programmes are not skilled to satisfy the needs of young women at high risk [39] . Given the increased incidence of both primary and metastatic liver cancers, a new, revised approach is needed to advance medical care based on innovative screening programmes, predictive diagnostics, targeted preventive measured and patient stratification for treatment algorithms tailored to the person. Altogether, this requires a paradigm shift from reactive to the cost-effective predictive, preventive and personalised medicine (PPPM) as the medicine of the future [40] .
Our current project is strongly motivated on the one hand, by the widely recognised epidemics of liver malignancies and, on the other hand, by an evident lack of predictive biomarker panels for advanced/unresectable liver carcinoma and metastasis as stated in the BIntroduction^.
Advantages of the approach taken
-The project takes advantage of the systemic alterations characteristic for liver malignancies, utilising specific biomarker patterns detected in blood samples by a minimally invasive analytical approach. -Systemic alterations have been analysed prior to therapy avoiding molecular biological effects which could diminish the predictive power of biomarker panel proposed. -The multi-omic biomarker panel has been considered for establishing future multi-level diagnostic (predictive and prognostics) approaches and individualised patient profiling. -Key-molecular pathways relevant for pathomechanisms of liver cancers have been included for constructing specific biomarker panels that might open a perspective for both-individualised diagnostics and targeted treatment.
Interpretation of results in the current study: contribution to the innovative approach for the patient stratification, prediction and prognosis in advanced liver malignancies A. Stratified by the type of therapy (either SIRT or TACE) applied, the overall survival was at significantly higher level in patients treated by TACE. This result should be further validated for patients stratified by the origin of the liver malignancy, namely HCC and liver metastases of different origin as individual groups of comparison. B. Stratification by key enzymes of the tissue remodelling revealed extremely important results: MMP-9 activity level in blood was irrelevant for OS in SIRT-treated patients, in contrast to TACE-treated patients tending to better survival in case of low activities; MMP-2 activity levels were highly relevant for OS in both SIRT-and TACE-treated patients, however, with opposite effects, namely significantly higher OS with low activities in SIRT but with high activities in TACE. Consequently, synergistically, the MMP-9 and MMP-2 activity patterns in blood might be an excellent predictor for the patient stratification, when deciding between two treatment modalities by equality of other relevant parameters such as tumour size and location. Concretely, in case of low MMP-9 and high MMP-2 activities in blood, an application of TACE is recommended, and independently of MMP-9 levels but low MMP-2 activities, SIRT might be a better choice. C. Stratification by DNA quality provided an important added prognostic value by three comet classes I (intact DNA), III (strongly damaged), IV (apoptotic). Slightly better OS has been demonstrated for a high (over medical value) level of class I. In contrast, low levels of class III and IV were significantly beneficial for OS. D. The key enzymes of the detoxification pathway demonstrated similar patterns of a great prognostic value: high (over median value) expression of both SOD-2 and catalase were significantly beneficial for OS. E. Stratification by calgranulin A (S100 calcium-binding protein A8) as a reliable indicator for an increased metastatic potential was well prognostic for OS demonstrating better survival rates at lower expression levels of the protein. This finding is well in consensus with results published by other groups [41] [42] [43] .
Conclusions and expert recommendations
With this pilot programme, we have shown that for a variety of primary and metastatic liver cancers, liquid biopsy application and multiparametric analysis might be -useful for patient stratification, -predictive for the treatment approach and -prognostic for an individual survival.
Since this was a pilot programme, certain limitations of the study are well recognised by the authors. This includes the fact that only two forms of treatment were enrolled in this study. However, results achieved are encouraging, since it may be possible, through further research along these lines, to elaborate clinically relevant and cost-effective means of stratifying liver cancer patients for more personalised care.
